Abstract. Hepatocellular carcinoma (HCC) is the fifth most common cancer and the third most common cause of cancer-related mortality worldwide. An increasing number of studies have demonstrated that microRNAs may be used as diagnostic, therapeutic and prognostic targets for human cancers, including HCC. The present study aimed to evaluate microRNA (miR)-302a expression and function in HCC, and its underlying mechanisms. The results revealed that miR-302a was expressed at low levels in HCC tissues and cell lines. Reduced miR-302a expression was correlated with tumor-node-metastasis stage and lymph node metastasis in patients with HCC. Additionally, overexpression of miR-302a reduced cell proliferation and invasion, and induced apoptosis in HCC cells. Vascular endothelial growth factor A (VEGFA) was demonstrated to be a direct target gene of miR-302a. VEGFA was highly expressed in HCC tissues and inversely correlated with miR-302a expression. Knockdown of VEGFA expression led to reduced HCC cell proliferation and invasion, and increased apoptosis rates, similar to miR-302a overexpression, which suggested that VEGFA may be a functional downstream target of miR-302a in HCC. These data suggested that this newly identified miR-302a/VEGFA axis may be involved in HCC formation and progression. The present results also provide novel potential targets for the treatments of patients with HCC.
Introduction
Hepatocellular carcinoma (HCC) is a primary malignancy of the liver, and is the fifth most commonly diagnosed cancer and the third largest cause of cancer-related mortality worldwide (1) . It is estimated that 39,230 new HCC cases and 27,170 mortalities may occur in 2016, based on cancer statistical data (2) . A number of risk factors for HCC have been identified, including cirrhosis, hepatitis B/hepatitis C virus infection and nonalcoholic steatohepatitis (3) . Currently, the main therapies for patients with HCC are liver resection, transplantation, radiofrequency ablation and adjuvant chemotherapy (4) . Despite the progress in therapeutic treatments, the five-year overall survival rate for patients with HCC remains <5% (5) . In addition, ~85% of patients with HCC are diagnosed with locally advanced tumor or distant metastasis, and result in poor prognosis (1) . Therefore, a full understanding of the underlying mechanisms of the formation and progression of HCC is urgent, and investigations on novel therapeutic targets for the therapy of patients with this malignancy are required.
MicroRNAs (miRNAs) are endogenous, noncoding short RNA molecules that are 20-24 nucleotides in length (6) . miRNAs function as specific gene regulators by interacting preferentially with the 3' untranslated region (3'UTR) of their target genes in a base-pairing manner, and subsequently inducing mRNA degradation or translational repression (7) . To date, various miRNAs have been investigated that may serve important roles in diverse biological processes, such as cell proliferation, viability, apoptosis, cell cycle, angiogenesis, invasion, motility and differentiation (8) (9) (10) . A previous study reported that >50% of known miRNAs are located at genomic regions or in fragile sites closely correlated with cancer (11) . Additional studies reported that miRNAs were abnormally expressed in a variety of human cancers, such as HCC (12) , gastric cancer (13) , colorectal cancer (14) , glioma (15) and bladder cancer (16) . These dysregulated miRNAs may act as oncogenes or tumor suppressors in tumorigenesis and tumor development, which depends on tumor type and the roles of their target genes (17, 18) . In addition, it has been previously demonstrated that miRNAs may be used as diagnostic, therapeutic and prognostic targets for certain human cancers, including HCC (19) (20) (21) .
Previous studies have shown that miR-302a was abnormally expressed and served significant roles in several human cancers (22) (23) (24) . One such study revealed that miR-302a overexpression improved the radiosensitivity of radioresistant breast cancer cells to radiation therapy in vitro and in vivo (22) . The upregulation of miR-302a also inhibited the cell invasion and metastasis of breast cancer in vitro and in vivo (23) . However, little is known about the expression level and functions of miR-302a in HCC. In addition, abnormal expression of VEGFA, a 35-45 kDa heparin-binding glycoprotein and a key regulator of angiogenesis, has also been observed in multiple human cancers, including HCC (25, 26) . Thus, the aim of the present study was to investigate miR-302a expression in HCC and its correlation with clinicopathological significance as well as VEGFA expression. In vitro functional experiments were performed to explore these roles in addition to the molecular mechanisms of action of miR-302a in HCC cell proliferation, invasion and apoptosis.
Materials and methods
Tissue samples. The present study was approved by the Ethics Committee of the Yancheng City No. 1 People's Hospital (Yancheng, China). Written informed consent was obtained from each patient enrolled in this study. A total of 47 paired HCC tissues and matched normal adjacent tissues (NATs) were obtained from patients with HCC patients that received liver resection surgery at Yancheng City No. 1 People's Hospital between January 2011 and December 2014. None of the patients received radiofrequency ablation or adjuvant chemotherapy prior to surgery. All tissues samples were immediately frozen with liquid nitrogen and subsequently stored at -80˚C until RNA extraction.
Cell lines and cell culture. The human HCC cell lines, HepG2 and Hep3B, were purchased from American Type Culture Collection (ATCC; Manassas, VA, USA). The human HCC cell lines, SMMC-7721 and Huh7, and the human immortalized normal liver epithelial cell line (L-O2) were purchased from Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China). All cells were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin, at 37˚C in a humidified 5% CO 2 .
Cell transfection. miRNA (miR)-302a mimics, miRNA negative controls (miR-NC), short interfering (si)RNA targeting vascular endothelial growth factor A (si-VEGFA) and siRNA negative control (si-NC) were purchased from Guangzhou Sagene Biotech Co. (Guangzhou, China). Prior to transfection, cells were seeded into 6-well plates in DMEM and incubated at 37˚C until the cell density reached 60-70%. Cells were transfected with miR-302a mimics (50 pmol/ml), miR-NC (50 pmol/ml), si-VEGFA (50 pmol/ml) or si-NC (50 pmol/ml) using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) at room temperature for 12 h, following the manufacturer's protocol. Following transfection, the cell culture medium was replaced with DMEM containing 10% FBS. Following 48 h post-transfection, reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was performed to detect miR-302a and VEGFA mRNA expression. The cell invasion assay and apoptosis assay were also performed at 48 h following transfection. Western blot analysis was conducted at 72 h post-transfection, and the MTT assay was performed 24 h following transfection.
RT-qPCR. Total RNA was extracted from tissue (1 g) or cells (1x10 6 cells) using the TRIzol Reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. To quantify miR-302a expression, cDNA was synthesized by reverse transcription using a TaqMan ® MicroRNA Reverse Transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) following the manufacturer's protocol. The TaqMan microRNA assay (Applied Biosystems; Thermo Fisher Scientific, Inc.) was used to detect miR-302a expression; U6 was used as an internal control. The cycling conditions were as follows: 50˚C for 2 min, 95˚C for 10 min and then 40 cycles of denaturation at 95˚C for 15 sec, and annealing/extension at 60˚C for 60 sec. For VEGFA mRNA expression, total RNA was reverse transcribed to cDNA with the PrimeScript RT Reagent kit (Takara Bio, Inc., Otsu, Japan). qPCR was performed with SYBR Premix Ex Taq (Takara Bio, Inc.). β-actin was served as an internal control for VEGFA mRNA expression. The thermocycling conditions were as follows: 5 min at 95˚C, followed by 40 cycles of 95˚C for 30 sec and 65˚C for 45 sec. The primers were designed as follows: miR-302a, 5'-CGT GGA TGT ACT TGC TTT GAA-3' (forward) and 5'-TCA CCA AAA CAT GGA AGC AC-3' (reverse); U6, 5'-GCT TCG GCA GCA CAT ATA CTA AAA T-3' (forward) and 5'-CGC TTC ACG AAT TTG CGT GTC AT-3' (reverse); VEGFA, 5'-ACT TTC TGC TGT CTT GGG TG-3' (forward) and 5'-CTG CAT GGT GAT GTT GGA CT-3' (reverse); and β-actin, 5'-GGG ACC TGA CTG ACT ACC TC-3' (forward) and 5'-TCA TAC TCC TGC TTG CTG AT-3' (reverse). All reactions were performed in triplicate. The relative expression levels were calculated using the 2 -ΔΔCq method (27) .
MTT cell proliferation assay. The MTT assay (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was performed to evaluate cell proliferation. Transfected cells (3,000 cells/well) were seeded into 96-well plates 24 h post-transfection. Following incubation at 37˚C for 24, 36, 48, and 72 h, MTT assay was conducted according to the manufacturer's protocol. Briefly, 20 µl MTT solution (5 mg/ml) was added into each well and incubated for 4 h at 37˚C. The medium was then replaced with 150 µl DMSO (Sigma-Aldrich; Merck KGaA) to dissolve the purple formazan crystals, and absorbance at 490 nm was determined using a Tecan Infinite M200 microplate reader (Tecan Group Ltd., Männedorf, Switzerland). This assay was repeated three times.
Cell invasion assay. The invasive ability of cells was assessed using a Corning Costar Transwell Chamber (Corning, Inc., Corning, NY, USA) coated with Matrigel (BD Biosciences, San Jose, CA, USA). Transfected cells (5x10 4 ) in FBS-free DMEM were seeded into the upper chamber at 48 h post-transfection. DMEM (500 µl) supplemented with 20% FBS was added into the lower chamber. Following incubation at 37˚C for 48 h, cells that remained on top surface of the membrane were removed with cotton swabs. Cells on the bottom surface of the membrane were fixed with 100% methanol for 10 min and stained with 0.5% crystal violet for 10 min at room temperature. A total of five randomly selected fields of the invading cells were captured and counted with an inverted microscope (Olympus Corporation, Tokyo, Japan). This assay was repeated three times.
Apoptosis assay. Apoptotic rates were determined using the fluorescein isothiocyanate (FITC)-Annexin V Apoptosis Detection kit I (BD Biosciences), according to the manufacturer's protocol. Following 48 h transfection, cells in 6-well plates (1x10 6 cells/well) were harvested using 0.25% trypsin (Gibco; Thermo Fisher Scientific, Inc.), washed twice with cold PBS, centrifuged at 500 x g for 5 min at 4˚C, and resuspended in 1X binding buffer. Subsequently, cells were transferred to a 5 ml culture tube, and 5 µl FITC-annexin V and 10 µl propidium iodide (PI) were added into the culture tube. Following incubation at room temperature in the dark for 15 min, apoptosis was analyzed using a flow cytometer (Beckman Coulter, Inc., Brea, CA, USA) within 1 h of staining. Data were analyzed using CellQuest ® software (version 3.3; BD Biosciences) and experiments repeated three times.
miRNA target prediction. Potential targets of miR-302a were predicted using the algorithms provided in the online target prediction sites TargetScan (http://www.targetscan.org) and PicTar (http://pictar.mdc-berlin.de).
Dual-luciferase reporter assay. Wild-type and mutant 3'UTRs of VEGFA were synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China) and also subcloned into the pmirGLO vector; they were subsequently na med pm i r GLO -Wt-V EGFA-3'U T R a nd pmirGLO-Mut-VEGFA-3'UTR, respectively. For the luciferase reporter assay, HEK293T cells (ATCC) were seeded into the 24-well plates at a density of 50-60% confluence. Following overnight incubation at 37˚C, cells were transfected with either pmirGLO-Wt-VEGFA-3'UTR or pmirGLO-Mut-VEGFA-3'UTR, and either miR-302a mimics or miR-NC, at room temperature using Lipofectamine 2000. Firefly and Renilla luciferase activities were detected at 48 h post-transfection with Dual-Luciferase Reporter Assay System (Promega Corporation, Madison, WI, USA). The relative luciferase activity was normalized to Renilla luciferase activity and experiments were repeated three times.
Western blot analysis. Cell proteins were extracted using radioimmunoprecipitation assay buffer containing a protease inhibitor cocktail (Sigma-Aldrich; Merck KGaA). The protein concentrations were quantified using a Bicinchoninic Acid assay kit (Pierce; Thermo Fisher Scientific, Inc.). Equal proteins (20 µg) were separated by 10% SDS-PAGE and subsequently transferred to polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA, USA). Membranes were blocked with 5% skimmed in Tris-buffered saline containing 0.1% Tween-20 (TBST) at room temperature for 1 h, followed by incubation with primary antibodies against VEGFA (1:1,000 dilution; cat. no. sc-65617) and GADPH (1:1,000 dilution; cat. no. sc-32233; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at 4˚C overnight. Subsequently, the membranes were washed three times with TBST and incubated with horseradish peroxidase-conjugated goat anti-mouse secondary antibodies (1:5,000 dilution; cat. no. sc-2005; Santa Cruz Biotechnology, Inc.) at room temperature for 1 h. Protein bands were visualized using Chemiluminescence Detection Reagents (Pierce; Thermo Fisher Scientific, Inc.). GADPH was used as a loading control and experiments were repeated three times.
Statistical analysis. Data are expressed as the mean ± standard deviation and calculated with SPSS version 19.0 (IBM Corp., Armonk, NY, USA). Correlations between mRNA and miRNA expression were determined by Spearman's correlation analysis. Student's t-tests and Pearson's χ 2 test were used to compare the differences between two groups. P<0.05 was considered to indicate a statistically significant difference.
Results

miR-302a is underexpressed in HCC tissues and cell lines.
To understand the biological roles of miR-302a in HCC development, the expression levels were examined in HCC tissues and compared with matched NATs. RT-qPCR analysis revealed that miR-302a expression was significantly reduced in HCC tissues compared with expression in the matched NATs (Fig. 1A; P<0.05) . Similarly, miR-302a expression levels were lower in the HCC cell lines HepG2, SMMC-7721, Hep3B and Huh7 compared with the level of expression in the L-O2 human immortalized normal liver epithelial cell (Fig. 1B; P<0.05) . These results suggested that miR-302a may serve important roles in HCC formation and progression.
Association between miR-302a expression and clinicopathological significances of patients with HCC.
The clinicopathological significance of miR-302a expression in patients with HCC was also investigated (Table I) . Low miR-302a expression was significantly correlated with TNM stage (P=0.028) and lymph node metastasis (P=0.037), but not with age (P=0.510), sex (P=0.919), differentiation (P=0.595) or tumor size (P=0.440).
miR-302a attenuates cell proliferation, invasion and induces apoptosis in HCC.
To investigate the roles of miR-302a in HCC progression, HepG2 and Huh7 cells were transfected with miR-302a mimics to increase endogenous miR-302a expression level, which was confirmed by RT-qPCR analysis ( Fig. 2A; P<0 .05 vs. miR-NC). The effects of miR-302a expression on HCC cell proliferation, invasion and apoptosis were also examined. MTT assay results demonstrated that miR-302a overexpression inhibited the proliferation of HepG2 and Huh7 cells compared with control miR-NC transfected cells (Fig. 2B and C, respectively; P<0.05 at 48 and 72 h). Similarly, cell invasion assays revealed that the number of invading HepG2 and Huh7 cells was significantly reduced following transfection with miR-302a mimics compared with cells transfected with miR-NC ( Fig. 2D; P<0.05 ). In addition, overexpression of miR-302a significantly enhanced apoptotic rates in HepG2 and Huh7 cells ( Fig. 2E ; P<0.05 vs. miR-NC). These results suggested that miR-302a may serve an important role in the occurrence and progression of HCC.
miR-302a reduces VEGFA expression by directly binding to its 3'UTR.
miR-302a was demonstrated to act as a tumor suppressor in HCC; therefore, the mechanisms underlying the tumor suppressive roles of miR-302a in HCC were examined. Candidate targets of miR-302a were queried using online bioinformatics databases; the results indicated that the 3'UTR of VEGFA contained complementary sites for miR-302a (Fig. 3A) . To verify this hypothesis, RT-qPCR and western blotting were used to examine the endogenous levels of VEGFA mRNA and protein expression in HepG2 and Huh7 cells transfected with miR-302a mimics or miR-NC. Overexpression of miR-302a significantly reduced both the mRNA ( Fig. 3B; P<0 .05) and the protein ( Fig. 3C; P<0.05) level of VEGFA expression in HepG2 and Huh7 cells compared with cells transfected with miR-NC. In addition, the dual-luciferase reporter assay was performed to explore whether miR-302a was able to directly target the 3'UTR of VEGFA. The results demonstrated that miR-302a overexpression led to decreased luciferase activity in HEK293T cells co-transfected with pmirGLO-Wt-VEGFA-3'UTR ( Fig. 3D ; P<0.05 vs. miR-NC). However, no significant differences were identified in the luciferase activity of cells co-transfected with miR-302a mimics and pmirGLO-Mut-VEGFA-3'UTR Table I . Correlations between clinicopathological characteristics and miR-302a expression in patients with hepatocellular carcinoma. compared with miR-NC. These results suggested that miR-302a may target the 3'UTR of VEGFA and reduce its expression in HCC.
miR-302a expression ------------------------------------------------
VEGFA expression is negatively correlated with miR-302a expression in HCC tissues. VEGFA has previously been reported to be upregulated in HCC (25, 26) . As VEGFA has been identified as a direct target gene of miR-302a, the present study hypothesized that reduced expression of miR-302a may be involved in the high mRNA expression level of VEGFA in HCC. To confirm this hypothesis, RT-qPCR was conducted to measure VEGFA mRNA expression in HCC tissues and NATs. VEGFA mRNA expression was significantly higher in HCC tissues compared with expression in NATs ( Fig. 4A ; P<0.05). In addition, the correlation between miR-302a and VEGFA expression in HCC tissues was analyzed using Spearman's correlation analysis. The results indicated that VEGFA mRNA expression levels were negatively correlated with miR-302a expression in HCC tissues ( Fig. 4B ; r=-0.6261; P<0.001). These results further demonstrated that VEGFA may be a direct target of miR-302a, and that decreased miR302a expression may contribute to the upregulation of VEGFA in HCC.
miR-302a inhibits cell proliferation and invasion, and induces apoptosis in HCC by targeting VEGFA. To determine whether VEGFA expression was involved in the tumor suppressive roles induced by miR-302a overexpression in HCC, its biological roles in HCC progression were evaluated. si-VEGFA was used to knockdown VEGFA expression in HepG2 and Huh7 cells (Fig. 5A) . MTT assay, cell invasion assay and apoptosis assay results revealed that knockdown of VEGFA significantly inhibited cell proliferation ( Fig. 5B and C; P<0.05 at 48 and 72 h) and invasion ( Fig. 5D ; P<0.05), and significantly induced apoptosis ( Fig. 5E ; P<0.05) in HepG2 and Huh7 cells compared with cells transfected with si-NC. The results induced by VEGFA knockdown in HCC cell proliferation, invasion and apoptosis were similar to those in cells overexpressing miR-302a, which suggested that miR-302a may act as a tumor suppressor in HCC progression by targeting the expression of VEGFA.
Discussion
A number of previous studies have indicated that abnormally expressed miRNAs may be involved in the occurrence and progression of HCC by the negative regulation of their target genes (28, 29) . Therefore, further investigation of potential miRNAs that may contribute to the initiation and progression of HCC may provide novel targets for the diagnosis and treatments of patients with this malignancy (30) . In the present study miR-302a was demonstrated to be significantly downregulated both in HCC tissues and in HCC cell lines. Low miR-302a expression was significantly correlated with TNM stage and lymph node metastasis in patients with HCC. miR-302a overexpression reduced cell proliferation and invasion, and induced apoptosis in HCC cells. In addition, VEGFA was validated as a direct target gene of miR-302a in HCC cells. These findings suggested that miR-302a underexpression may serve important roles in HCC formation and progression.
miR-302a has been previously reported to act as a tumor suppressor in different cancer types (22) (23) (24) . For example, miR-302a expression was low in irradiated breast cancer cells. Upregulation of miR-302a expression enhanced radiosensitivity of radioresistant breast cancer cells to radiation therapy in vitro and in vivo (22) . Another study reported that expression levels of miR-302a were decreased in metastatic breast cancer cells and tumor tissues (23) . Overexpression of miR-302a suppressed breast cancer cell invasion and metastasis in vitro and in vivo (23) . In testicular embryonal carcinoma, miR-302a overexpression was demonstrated to improve the sensitivity of NT2 cells to cisplatin by inducing cell apoptosis (24) . In ovarian cancer, miR-302a was revealed to be downregulated in tumor tissues and cell lines (31) . Low miR-302a expression was correlated with tumor stage of ovarian cancer. Ectopic expression of miR-302a inhibited ovarian cancer cell proliferation and enhanced the cell cycle progress. In prostate cancer, miR-302a expression was reported to be lower in tumor tissues and cell lines (32) . Expression levels of miR-302a were significantly associated with Gleason score. Upregulation of miR-302a in prostate cancer cells enhanced G1/S cell cycle arrest and repressed cell proliferation in vitro and in vivo. A previous study demonstrated that miR-302a was reduced in colorectal cancer cells (33) . Resumption expression of miR-302a decreased cell proliferation and invasion in colorectal cancer. These findings suggested that miR-302a may be a novel therapeutic strategy for patients with these cancer types.
miRNAs participate in various physiological or pathological biological processes by negatively regulating the expression of their target genes; therefore, it is essential to identify the direct target genes of miR-302a in HCC. Previous studies have indicated that miR-302a targets many important genes, such as AKT serine/threonine kinase 1 (AKT1), RAD52 homolog DNA repair protein and C-X-C motif chemokine receptor 4 (22, 23) in breast cancer, syndecan 1 in ovarian cancer (31) , AKT in prostate cancer (32) , and mitogen-activated protein kinase in colorectal cancer (33) . The present study used bioinformatics analysis and the luciferase reporter assay to demonstrate that the 3'UTR of VEGFA is a direct target gene of miR-302a in HCC. In addition, miR-302a was demonstrated to negatively regulate VEGFA expression at both the mRNA and protein level in HCC. VEGFA mRNA was significantly expressed in HCC tissues and was inversely correlated with miR-302a expression. In addition, similar effects were observed when VEGFA expression was knocked down in HCC as when miR-302a was overexpressed.
VEGFA is a 35-45 kDa heparin-binding glycoprotein and a key regulator of angiogenesis (34) ; angiogenesis is known to be a crucial factor in local tumor growth tumors and metastasis progression. An increasing number of studies have indicated that VEGFA was abnormally expressed in multiple human cancers, including HCC (25, 26) , gastric cancer (35) , bladder cancer (36), retinoblastoma (37) and colorectal cancer (38) . Additional studies have demonstrated that VEGFA serves important roles in vasculogenesis, angiogenesis, cell proliferation, migration, invasion, apoptosis and tumor angiogenesis (39) (40) (41) (42) . Therefore, targeting VEGFA may be an effective therapeutic strategy for patients with certain tumors. Several agents that target VEGFA are in development, some of which are in clinical trials for cancer treatment (34) . The present study demonstrated that miR-302a targeted VEGFA to inhibit HCC cell growth and metastasis, and enhanced apoptosis. These results suggested that the miR-302a/VEGFA pathway may provide novel therapeutic targets for patients with HCC.
In conclusion, miR-302a may act as a tumor suppressor in HCC, at least in part, via the inhibition of VEGFA expression, which suggested that the miR-302a/VEGFA axis may provide novel therapeutic targets for the treatment of HCC. Future studies should investigate the upstream regulatory mechanism underlying miR-302a expression.
